Although lignin is recalcitrant, some specialized fungi developed the ability to degrade this complex molecule. Most of these fungi belong to the basidiomycetes and are responsible for the white-rot decay process (19). White-rot fungi use an intricate oxidative complex to degrade lignin, which is based on oxidative enzymes and low-molecular-mass mediators (28). Several white-rot fungi produce a lignin peroxidase (LiP) that can initiate one-electron oxidation of nonphenolic arylglycerol-␤-O-aryl ether units. This oxidation is followed by C␣-C␤ or ␤-O-aryl cleavage to give aromatic aldehydes or phenylglycerols, respectively, as primary products (19). On the other hand, some white-rot fungi degrade lignin efficiently without producing LiP (20). One of them, Ceriporiopsis subvermispora, has been extensively studied (15, 16, 17, 31, 32) , owing to its suitability for biopulping (1, 27) . Although the industrial applicability of this fungus has been recognized, its ligninolytic strategies are not completely understood. It has often been assumed that lignin degradation by C. subvermispora is dependent on manganese-dependent peroxidases and laccases (28). The occurrence of lignin degradation inside the wood matrix during the first stages of wood decay, when low cell wall permeability does not permit enzyme diffusion, has clearly indicated that some low-molecular-mass agents also act in the early stages of lignin biodegradation (2). Lipid peroxidation induced by manganese-dependent peroxidase has been proposed for lignin biodegradation by C. subvermispora (6, 17, 18, 32) . Studies with lignin model compounds have shown that nonphenolic arylglycerol-␤-O-aryl units are disrupted by means of one-electron oxidation mechanisms similar to the routes proposed for basidiomycetes that produce LiP (18, 32) .
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Under solid-state fermentation of wood, C. subvermispora extensively depolymerizes lignin. Lignin depolymerization has been demonstrated in studies based on the molecular mass distribution of milled wood lignins (MWLs) recovered from biotreated wood samples (15) and in studies using in situ derivatization followed by reductive cleavage (DFRC) of lignin in biotreated wood, which indicates lignin depolymerization as a consequence of aryl-ether degradation (16) .
The present study provides additional data for evaluating lignin biodegradation by C. subvermispora during solid-state fermentation of Pinus taeda wood. The structural characteristics of MWLs extracted from sound (untreated) and biotreated wood samples were elucidated using wet-chemical and spectroscopic analyses.
MATERIALS AND METHODS
Fungus, inoculum preparation, and wood biodegradation. C. subvermispora (Pilat) Gilbertson et Ryvarden cultures were maintained on 2% (wt/vol) malt extract agar plates at 4°C. The wood chips (approximately 2.5 by 1.2 by 0.2 cm) used in this work came from a single log of a 28-year-old P. taeda tree.
Biodegradation experiments were carried out in 20-liter polypropylene bioreactors. Precolonized wood chips were used as inoculum seed to start the colonization of fresh wood chips. The inoculum seed was prepared by growing the fungus for 10 days in 2-liter Erlenmeyer flasks containing 200 ml of malt extract agar medium. After fungal growth on the medium surface (7 days), 50 g of sterilized wood chips was mixed with the cultures and incubated at 27°C for 30 days. Each 20-liter bioreactor was loaded with 2,000 g of freshly sterilized wood chips and 100 g of inoculum seed, shaken by hand, and stored at 27°C for 15, 30, 60, or 90 days (16) . Humidified air, passing through a 0.2-m-pore-size membrane, was provided to the bioreactors (23 liters h Ϫ1 ) throughout biodegradation. Two cylindrical containers (9 cm in height and 5 cm in diameter) made of a 0.84-mm-pore-size steel screen were filled with 25 g of sterilized wood chips and inserted into each bioreactor just before inoculation. After the biotreatment, the bioreactors were opened, and the wood chips were washed with water to remove the superficial mycelium. The wood chips contained in the cylindrical containers were washed as well. These decayed wood chips were air dried, their moisture contents were determined, and the calculated initial and final dry weights were used to determine weight losses. The weight loss resulting from sterilization (1.0% Ϯ 0.1%) was subtracted from the weight loss of each of the biodegraded samples. Component losses were calculated on the basis of the weight loss values and chemical analysis of the decayed wood chips recovered from the two cylindrical containers.
Chemical analysis of wood samples. The wood samples were milled in a knife mill to pass through a 0.75-mm-pore-size screen. Milled wood was treated with 95% ethanol for 6 h in a Soxhlet apparatus to remove extractives. Extracted wood samples were hydrolyzed with 72% (wt/wt) sulfuric acid at 30°C, as previously described by Ferraz et al. (10) . The residual material was cooled and filtered through porous glass filter number 3 (Schott-Duran). Solids were dried to a constant weight at 105°C and determined to be Klason insoluble lignin. The soluble lignin concentration in the aqueous fraction was determined by measuring the absorbance at 205 nm (A 205 ) and using the value of 105 liters ⅐ g Ϫ1 ⅐ cm
Ϫ1
as the absorptivity of soluble lignin. After acid hydrolysis, soluble sugars were quantified by high-pressure liquid chromatography with an HPX-87H column, heated at 45°C, and eluted with 5 mM sulfuric acid at 0.6 ml ⅐ min Ϫ1 . Total hemicellulose and glucan values were derived from a calculation considering the acid-released monomers glucose and xylose (10) . Duplicate hydrolysis experiments were performed. The deviation between duplicates was lower than 3% of the average value.
Lignin isolation and characterization. MWL was extracted from ground extractive-free wood samples, according to the method of Lawther et al. (21) . After drying over P 2 O 5 , 90 g of the extractive-free wood was moistened in toluene and ground in a rotary porcelain ball mill at room temperature for 130 h at 96 rpm with a porcelain ball/wood weight ratio of 20:1. The ball-milled samples were then extracted twice with dioxane-water solution (96%, vol/vol) in a shaker at 190 rpm for 24 h at 27°C in the dark. The extractions were performed by using 10 ml of solvent per g of ball-milled wood. The dioxane-water extracts were combined, and the solvents were removed at 35°C under reduced pressure. The remaining solids were dried under vacuum over P 2 O 5 . The yield of MWL recovered through this procedure was 4.4% Ϯ 0.4% for the undecayed wood sample and 4.8 to 5.7% for the biotreated wood samples. DFRC was performed as described by Lu and Ralph (25, 26) . 4-Acetoxy-3-methoxycinnamyl acetates (DFRC monomers, both cis and trans isomers) were separated by gas chromatography-mass spectrometry (GC-MS) and identified based on their mass spectra, which were identical to those from authentic compounds, including coniferyl diacetate (m/z [relative intensity] ϭ 264 [9] , 222 [100], 179 [50], 163 [11] , 151 [14] , 131 [20] , 119 [12] , 91 [9] ). The amounts of each monomer were determined by GC and flame ionization detection by using a response factor (1.40) derived from pure monomer standards, with 4,4Ј-ethylene bisphenol as the internal standard. DFRC products were also analyzed by GC and MS under conditions optimized to detect dimers. The GC-MS analysis was performed on a Finnigan MAT GCQ instrument equipped with a DB-5 column (30 m by 0.25 mm). The column temperature was maintained initially at 150°C for 1.0 min and then was heated up to 300°C at 10°C min Ϫ1 . This final temperature was maintained for 15 min. Helium at a linear velocity of 33 cm/s was used as a carrier gas. The injector, transfer line, and ion source temperatures were 280, 310, and 170°C, respectively. A sample volume of 1 l was injected into the column by the splitless mode. The filament was turned on after 12 min, and the split valve was opened after 3 min. The structures proposed for the dimers detected were based on pattern recognition of MS spectral information (29) (see (17), and 146 (12) . The relative amount of individual dimers was estimated as the ratio between dimer and internal-standard (4,4Ј-ethylene bisphenol) peak heights divided by the mass (in milligrams) of Klason lignin in each sample.
UV and visible spectra were recorded in a Cintra 20-GBC spectrophotometer. The sample was dissolved in 96% dioxane-water solution, and the spectra between 205 and 600 nm were recorded. Fourier transform infrared (FTIR) spectra were obtained with a Nicolet 520 FTIR spectrophotometer and a KBr disk containing 0.5% of the sample. The elemental analysis and methoxyl contents were determined by following methods previously described (11) . 1 H, 13 C, distortionless enhancement by polarization transfer with a of 135°( DEPT-135), and heteronuclear multiple quantum coherence (HMQC) spectra were obtained with a Bruker DRX-360 instrument. Approximately 80 mg of each acetylated sample was dissolved in 0.5 ml of acetone-d 6 (deuterium acetone), and the solvent peak was used as an internal reference (␦ H 2.04, ␦ C 29.8). Acetylation of lignin samples was performed with acetic anhydride in pyridine as described by Lenz (22) . DEPT subspectra were taken with equal to 135°and coupling constant 1 J13 C-1 H equal to 150 Hz. HMQC experiments were performed by using the standard Bruker implementation.
RESULTS
Weight and component losses during the biotreatment of P. taeda with C. subvermispora. The weight losses of P. taeda biotreated with C. subvermispora were 2.3% Ϯ 0.5%, 3.0% Ϯ 0.4%, 9% Ϯ 2%, and 13.8% Ϯ 0.7% after 15, 30, 60, and 90 days, respectively. Lignin loss was high during these periods, reaching 9.6% Ϯ 0.6% after 15 days and 22% Ϯ 1% after 90 days of biodegradation. Glucan removal was lower than 2% during all biodegradation periods, while hemicellulose loss was high only after 60 days of biotreatment (Fig. 1 ). This pattern of wood decay, which is often described as selective lignin degradation, is consistent with previous studies reported for softwood biodegradation by C. subvermispora (1, 9, 27) .
Characterization of lignin contained in biotreated wood samples. In previous work, DFRC was used to quantify cis-and trans-4-acetoxycinnamyl acetates (DFRC monomers) released from P. taeda samples biotreated with C. subvermispora (16) . The use of in situ DFRC lignin analysis made it possible to demonstrate that aryl-ether linkages were cleaved during wood biodegradation, since the yield (based on the weight of Klason lignin) of such monomers decreased significantly with biodegradation time. In the present work, MWLs were extracted from biotreated samples for further characterization of the lignin degradation process. The extraction procedure was selected based on minimal damage to the lignin structure (21) . The MWL yield resulting from this procedure was in the range of 4 to 5% (in grams per 100 g of Klason lignin). Despite the low yield, MWL proved to be representative of the overall lignin structure since the yields of DFRC monomers released from these lignins decreased with biodegradation time (Fig. 2) , as previously observed by Guerra et al. (16) for the in situ DFRC technique. After detection of the primary monomers originating from DFRC degradation of MWL, the samples were rean- (Fig. 2) . These data suggest that carbon-carbon and 4-O-5 linkages were not cleaved during the first stages of the biological attack. However, the significant reduction in the amount of DRFC dimers after 90 days of biodegradation indicates that even COC linkages are degraded after long biodegradation periods. This observation corroborates a previously published statement that ␤-5 models are degraded by C. subvermispora in submerged liquid cultures (5) .
The UV and visible spectral data on MWLs recovered from sound and biotreated wood samples are shown in Table 1 . The ratios of absorptivity measured at 280 nm to absorptivity measured at 310 nm (a 280 /a 310 ) were almost constant over 90 days of biodegradation, while the a 280 /a 420 ratios increased with biodegradation time. Constant values for a 280 /a 310 ratios indicate that ␣,␤ unsaturated and/or ␣-carbonyl groups did not change significantly during P. taeda biotreatment, while increases in a 280 /a 420 ratios suggest the formation of quinone-like substructures in biodegraded lignin (14) .
The FTIR spectra of sound and biodegraded lignins were characteristic of a guaiacyl-type lignin (7). The absorbance ratios of bands at 1,730 and 1,660 cm Ϫ1 (assigned to aromaticring nonconjugated and conjugated carbonyl groups, respectively), with the reference band at 1,510 cm Ϫ1 (assigned to the aromatic ring), were almost unchanged over 90 days of bio- degradation. The constancy of these ratios indicated that the biodegradation process was not followed by the formation of carboxyl or carbonyl groups in the side chains of the residual MWLs. The 1 H nuclear magnetic resonance ( 1 H-NMR) spectra of acetate derivatives of MWLs were integrated in regions corresponding to different functional groups, as indicated in Fig. 4 and Table 2 . Although some of these signals are not completely resolved, the integration of 1 H-NMR regions has long been applied to estimate the degree of aromatic-ring substitution and the contents of lignin-functional groups, such as aromatic and aliphatic hydroxyls, methoxyls, and ␤-O-4 structures (3, 12, 13, 22) . Quantitative estimates were made by correlating the total integral values with the number of protons per C 9 unit in each MWL. The methoxyl contents as determined by wetchemical analysis and 1 H-NMR were in good agreement, supporting the use of 1 H-NMR integrals for estimating the contents of functional groups in such lignins ( Table 2 ). The amount of H␤ in ␤-O-4 units diminished with biodegradation, confirming the arylglycerol-␤-O-4 aryl ether degradation detected by the DFRC method. Interestingly, the amount of aromatic hydroxyls did not increase with the split of ␤-O-4 linkages, suggesting that the ␤-O-4 cleavage products remain as quinone-type structures, as previously detected by UV and visible spectroscopy. MWLs from biodegraded wood samples also presented a reduced number of aromatic protons per C 9 unit, confirming that these lignins are more condensed than MWLs from sound wood. The contents of protons with chemical shifts lower than 1.5 ppm also increased with biodegradation time concomitantly with the reduction in the contents of aliphatic hydroxyl groups. Routine 13 C-NMR spectra of acetylated MWLs showed, in addition to the usual signals observed in the spectra of softwood lignins, a new signal at 14.7 ppm in lignins recovered from biotreated samples. This signal was assigned to a saturated carbon in the aliphatic side chain of the lignin moieties, in accordance with 1 H-NMR observations. Further structural information related to these substructures was provided by two-dimensional NMR. The most revealing two-dimensional technique was HMQC, which gives information about the correlation between 1 H and 13 C via 1 J C-H . The aliphatic region of the spectra of MWLs recovered from biodegraded wood samples differed from the spectra of MWLs from sound wood as illustrated in Fig. 5 . The spectra of MWLs from biodegraded samples showed two signals (Fig. 5B, 1 and 2) that did not appear in the HMQC spectra of MWLs from sound wood (Fig. 5A) . The chemical shifts of these signals are consistent with the presence of CH 3 (␦ C /␦ H , 14/1.2 ppm) and nonoxygenated CH 2 (␦ C /␦ H , 32/1.9 ppm) groups. The occurrence of these groups was also supported by DEPT-135 spectra of biodegraded lignins that presented positive and negative signals at 14 ppm (CH 3 ) and 32 ppm (CH 2 ), respectively; in DEPT-135 spectra, a negative signal indicates the presence of CH 2 , while a positive signal derives from CH or CH 3 carbons. decreased during biodegradation but that the yield of DFRC dimers increased in the first 60 days and decreased afterwards.
DISCUSSION
These results indicate that ␤-1, ␤-5, ␤-␤, and 4-O-5 substructures were more resistant to the biological attack and that arylglycerol-␤-O-aryl units were degraded, resulting in a depolymerized residual lignin. A previous study with these MWLs also showed a similar trend, since the MWL average molecular mass decreased with biodegradation time (15) . Cleavage of ␤-O-aryl ether or even C␣-C␤ linkages might explain the yield decrease of DFRC monomers, since substructures like guaiacyl-4-O-CH 2 CH 2 OH, guaiacyl-CHO, and guaiacyl-COOH resulting from C␣-C␤ cleavage will not produce 4-acetoxy-3-methoxycinnamyl acetates (DFRC monomers) when subjected to DFRC. Actually, both oxidation reactions have been detected during biodegradation of lignin model compounds by C. subvermispora (32) . The present study provided no evidence of accumulation of residual lignin substructures with ␣-carbonyls or benzaldehyde or benzoic acid end groups, the last two being diagnostic of C␣-C␤ cleavage. Data from UV and FTIR spectroscopy, 1 H-NMR and especially 13 C-NMR (absence of new signals from 168 to 194 ppm), and HMQC spectroscopy (absence of a cross-signal at ␦ C /␦ H 82 to 5.6 ppm, which is characteristic of ␣-keto-␤-aryl ether units) supported this observation. There are two possible explanations for the absence of these residual products. One is that these substructures may be intermediary products that do not persist in the cultures, being transformed beyond recognition or released as water-soluble fractions. The second possible explanation is that C. subvermispora did not induce C␣-C␤ cleavage under solid-state fermentation conditions.
The assessment of the structures of MWLs recovered from biotreated wood samples by the compilation of different characterization procedures also indicated the formation of new substructures containing nonoxygenated, saturated aliphatic carbons. The occurrence of such substructures can be assumed based on the following factors: (i) the increased contents of protons linked to saturated carbons observed by 1 H-NMR; (ii) the appearance of new saturated carbons as revealed by 13 C-NMR; (iii) the presence of signals 1 and 2 in the high-field region of the HMQC spectrum (Fig. 5) ; and (iv) the observation of positive and negative signals in the DEPT-135 spectrum corresponding to signals 1 and 2 in Fig. 5 , respectively.
The possibility of assignment of these nonoxygenated, saturated aliphatic carbons to residual wood extractives or fungal metabolite contaminants in MWLs should not be ruled out. However, the formation of new substructures containing nonoxygenated ␤-CH 2 in biodegraded lignins was also observed in wood decayed by Phanerochaete chysosporium (4, 33) and by Chrysonilia sitophila (12) . This substructure might be explained by a ␤-O-aryl ether cleavage or even by the reduction of minor amounts of cinnamyl alcohol end groups. However, the presence of CH 3 groups cannot be explained directly. This group suggests an ability of C. subvermispora to produce reductive reactions on the side chain of the lignin moiety or to incorporate new saturated chains in the lignin structure.
In conclusion, ␤-O-aryl ether cleavage was a significant route for lignin degradation during the solid-state fermentation of P. taeda by C. subvermispora, corroborating previous work by Srebotnik et al. (32) , who identified diagnostic products of ␤-O-aryl ether cleavage during solid-state fermentation of a lignin model compound supported on cellulose sheets. On the other hand, the accumulation of new saturated aliphatic carbons instead of oxygenated by-products in the lignin remains to be explained for the lignin biodegradation resulting from the solid-state fermentation of wood chips by this fungus. 
